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Electron absorption of light is considered in a system of polar particles that interact via dispersion forces.
The generalized oscillator strengths are calculated for the combination-frequency absorption that arises in
the coupled molecule pairs. A sum rule is obtained connecting the probabilities of the one-photon and two.
photon processes in the interacting systems. Estimates of the exctinction coefficient H,, of single-photon
absorption at double the frequency, carried out for liquefied inert gases, show that this coefficient is
comparable with the absorption H, at single frequencies.
PACS numbers: 33.70.Ca. 78.30.Cp

1. INTRODUCTION
Intermolecular interactions (IMI) in dense media give
rise to a number of effects that influence the spectral
and integral characteristics of the electron emission
and absorption bands. In particular, dispersion forces
shift the maxima Of the
their shapes' and
change the oscillator strengths of the electronic transitions.
The most peculiar manifestation of the IMI is the appearance of new transition frequencies for the system
of interacting particles. For example, paired interactions of molecules should lead to the appearance of combination frequencies equal to the sum o r to the difference of the absorption frequencies of the individual particles. This effect is known in magnetic resonance,
where absorption a t the frequency LZ =2wo takes place in
a system of two interacting magnetic dipoles each of
which can absorb a t the frequency wo. Absorption a t the
doubled frequency LZ is the result of simultaneous transitions between two nondegenerate collectivized t e r m s
of a system consisting of a pair of identical particles,
but in the case of magnetic interaction this absorption
is negligibly small. kt the same time, in electric dipole-dipole (DD) interaction of atoms and molecules,
the dispersion forces cause the probabilities of the simultaneous transitions between the collectivized energy
levels to become, generally speaking, comparable with
the probabilities of the transitions between the t e r m s
in the isolated particles. For this reason, it is of interest to analyze quantitatively the onset of combined
electron-absorption bands in interacting molecular and
atomic systems.

'']

It i s obvious that a complete dynamic theory for a condensed medium such as a liquid must take into account
the molecule-motion kinetics. However, a s shown by
Linder and Abdulnar, C21 by using Kubo's linear-response formalism it is possible to describe the electron
absorption in a liquid on the basis of a double perturbation theory: nonstationary in the interaction of the molecules with the external field E(t) of the light wave, and
stationary in the Hamiltonian of the DD interaction between the molecules. Since the electron motion inside
the molecules is incomparably faster than the thermal
motion of the molecules, i t follows, a s shown inc2], that
the quantum-mechanical mean value of the induced di464
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pole moment M in the molecule system becomes independent of the kinetics of the molecule motion. In other
words, when describing the integral characteristics of
the electron absorption in liquids we can assume, with
good accuracy, that the centers of the interacting molecules a r e immobile, since the times of emission and
absorption of the light quanta a r e shorter by several
orders of
than the translational and rotational
relaxation times of the nuclei of the molecules.
In this paper, quantum perturbation-theory methods
a r e used to calculate the oscillator strengths of the electron absorption a t the combined frequencies in nonpolar
liquids. The numerical estimates obtained in a reasonable approximation for liquefied inert gases show that the
integral absorption coefficient at the doubled frequencies
is large enough to be observed in experiment. The effect considered here is therefore of interest both for
linear spectroscopy of condensed media and for the consideration of the feasibility, in principle, of developing
l a s e r s operating a t combined, particularly doubled, frequencies. The theory presented below is valid for interactions in binary solutions and in pure liquids.
2. GENERALIZED OSCILLATOR STRENGTHS
We consider a pair of nonpolar particles that a r e coupled by dispersion forces; the Hamiltonian of the interaction between them is

where d is the operator of the electric dipole moment
of the particle, and

is the tensor of the DD interaction of the particles; summation of the vector indices is implied in (1). We introduce the dipole-moment operator of the coupled particle pair

and consider the dipole absorption of light by such a
"dimerized" pair. Let each of the molecules be respectively in the energy states E:: and E:' in the absence of
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the perturbation (1). The total energy of the particle
pair is then

It follows from this relation that combined transition
frequencies appear in the bound system (ti= 1)

where wnlml is the transition frequency in the first isolated molecule. This circumstance follows directly also
from an analysis of the polarization diagrams for pair
interactions of the DD type, which were considered earlier. C31
In the nonzero orders of perturbation theory in fi:;:),
the system energy, naturally, ceases to be additive relative to the energies of the stationary states of the particles, and in second order there appears the knownc4]
"red" dispersion shift 52A2,' of the electron absorption in
liquids. The integrated absorption coefficient in the
bound system should be expressed in t e r m s of the mean
value of the tensor generalized oscillator strength, which
was introduced inCe'

A

where the matrix elements of the operator M a r e calculated with the aid of the wave functions 9, of the intertcting system. In second order perturbation theory
in ~ ( 1 2,) expression (6) takes the form

,,,

?j:

2m
el

(Q,,)= -2 {
Q
:
;

[1

Iki)1 + ME: MA:

+~

$M
;2:

]

+ Q::

I i V o lI,,)'

(7)
We note that the first-order correction 52);: to the transition frequencies is equal to zero for nonpolar molecules,
since the diagonal matrix elements of the operator H:::'
in (1) a r e equal to zero from parity considerations.
Neglecting the shift 512; of the combined absorption
frequencies in Gm(7),we shall calculate subsequently the
generalized oscillator strength F & ~ C $ ~f o) r a transition a t
an exact combination frequency. The wave function !Vm
of the interacting system can be represented in the absence of exchange effects in the form of a non-antisymmetrized product of the wave functions $,, (i = 1, 2) of
the molecules. The expressions lfor the off-diagonal
matrix elements of the operator M, which enter in (7),
will then contain matrix elements of the interaction
Hamiltonian (1) of the particle pair

The diagram rules previously proposedc31for the stationary perturbation theory make it possible t o write
down automatically expressions for the matrix elements
contained in (7). These expressions a r e too cumbersome to be presented here. The measured quantity is
the average generalized oscillator strength ~2(52;0,'),
which is obtained from the expression for fi2;(,'(56:0,)) by
averaging over the directions of all the vecters th?t ent e r in the matrix elements of the operators M in H,':::
and by summation over a l l pairs of interaction particles.
In binary solutions, the interacting pair consists of a
molecule of the dissolved matter and a molecule of the
solvent. In pure liquids, the interacting molecules a r e
of the same sort (and therefore an additional factor 1/2
must be introduced in the summation over the pairs of
interacting particles in the case of liquids).
The expression obtained for the average generalized
oscillator strength turns out to be very cumbersome,
since i t contains perturbation-theory sums over all the
intermediate stationary states of the interacting molecules, a s well a s the matrix elements (d,),,,, and (d,),,,,
of the operators of the moduli of the dipole moments of
the particles. The customary procedure for calculating
these sums by calculating several t e r m s with the aid of
the empirical values of the oscillator strengths of the
non-interacting molecules is not very reliable. It is
more reasonable to use in this case the approximation
of equal energy denominators, '51 which gives good account of itself in the case of the inert-liquid atoms considered below. In this approximations, the frequencies
wkim,of all the transitions from the virtual states k into
the observable stationary state m of the i-th particle
(assuming that m < k ) a r e replaced by the ionization potential Umi of the molecule in this state:

In the approximation (9), the sums over the virtual
transitions in the molecules a r e expressed in t e r m s of
observable quantities, namely the static electronic polarizability a(m) of the molecules in the given stationary
state n?

and the static limit of the scalar part of the tensor of
the electronic Raman scattering of the light @,,(o)[~'

Here d 2 = d a d , and we have introduced the notation
c;",' (0)= lim,:c

.

(o)

rn-0

Taking int? account the multiplicative character of the
operator H:,$' in (I), we note on the basis of (8) that the
radiative transition m n between the collective levels
in the coupled pair of molecules corresponds to simultaneous transitions m , n, and m , n, in each of the particles. Single-photon absorption of light takes place
then a t the combined frequency 51: defined in (5).

-
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The sums containing products of three matrix elements
of dipole moments, of the form

a r e analogously connected with the value of the static
limit of the tensor of the hyper-Raman scattering of
0.G. Bokov
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lightr'' (P,,,,,),,.
We shall, however, neglect these
terms, since they a r e small corrections to the tensor
c: (0).
Taking the foregoing into account as well as relation
(5), the expression for the average generalized oscillator strength takes the form
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The factor

the case of a pure liquid, where like molecules interact,
s o that a,= a, = ff and U,= U, = U. If, however, the two
molecules undergo unequal transitions but of close f r e quency, then a photon of double the frequency SEA=:
2o,,,,
is absorbed. The generalized oscillator strength of the
bound system, which describes the integral probability
of absorption a t double the frequency, then takes the
form (with allowance f o r the factor 1/2 for pure liquids)

f,,,,

a

(13)

where
is the oscillator strength of absorption in a
single particle a t a frequency w,,,, and is equal by definition to

c;R,,-'),
1.i

which is proportional to the product of the concentrations of the interacting particles in the case of a solution and to the square of the density of the medium in
the case of pure liquids, can be calculated from the data
on the radial distribution function g ( ~of) the molecules,
which i s usually measured in x-ray structure analysis
of liquids. We have (for a unit volume of the solution)

We note that the obtained relation (20) establishes a
sum rule between the probabilities of the single-photon
and two-photon processes, a rule due exclusively to the
intermolecular interactions in the condensed medium
and vanishes in the case of non-interacting p a r t i 9 s .
Indeed, expression (2) relates the probabilities F$) and
fmlnl of single-photon absorption a t the doubled and single frequencies, respectively, with the probabilities
I p ( 0 ) I$,,, and ff of two-photon processes, which describe the static limits of the electronic Raman and
where N , and N, a r e the concentrations of the compoRayleigh scattering of light. The latter processes a r e
nents of the binary solution.
due to virtual transitions between the stationary states
The quantities that enter in (131, of the form I C?(O) 1 in, of the interacting particles, which a r e accompanied by
absorption and re-radiation of photons of vanishingly low
determine the probability of the electronic Raman scatfrequency o- 0. It is characteristic that a similar sum
tering in a static field and can in principle be obtained
rule a r i s e s also in the case of vibrational spectra of infrom the scattering cross sections o(w) by extrapolating
teracting
molecules: a s shown incs', the probability of
the latter to zero frequency w of the incident field.
infrared absorption in a liquid A,,, is connected with the
Then, by definition,
probability A, of absorption in a gas and with the intensity I, of the vibrational Raman scattering in a gas.
Thus, the intermolecular interaction give r i s e to connections between radiative processes of different nature,
To obtain numerical estimates of the generalized
and this distinguishes qualitatively between the behavior
oscillator strength, we use additional simplifying asof interacting and isolated particles in the field of a light
sumptions in (13). Neglecting the difference between
wave.
the polarizabilities and ionization potentials of the particles in the different stationary states, and also ne3. ABSORPTION COEFFICIENTS
glecting the frequencies of the radiative transitions from
the initial to the final state compared with the ionization
We introduce the integral absorption coefficient x and
potentials, we put
extinction coefficient 8 for a given band in accord with
Lambert-Beer law:
~=Ioe-x'=Zoexp ( - I N d ) ,

In these approximations, expression (13) takes the form

The last relation becomes additionally simplified in
466
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(32)

where No is the concentration of the absorpting particles
a t the lower level. The extinction coefficient, a s is well
known, "I is connected in trivial fashion with the oscillator strength f of the corresponding band:

Relation (23), however, is valid only for absorption by
a system of non-interacting particles. In a condensed
medium it is necessary t o take into account the difference between the average ( ~ a x w e l l i a n field
)
E and a
0.G. Bokov
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certain effective field &,, acting directly on the molecule. Since the coefficients n and I a r e determined experimentally from measurements of light fluxes connected with the average field E, and the probability Wmn
of the radiative transitions must be calculated relative
to the field Eeffin which the molecule itself is located,
a correction must be introduced for the difference between these fields. This can be done by starting from
the relations for the probability

where &,, is the operator of the effective dipole moment
of the molecule and plays the role of the response of the
molecule to the average field E in the condensed system.
Thus, the observed absorption (or extinction) coefficient
must contain an effective-field factor, which is equal
according to (24) to

We emphasize that if the difference between the oscillator strengths fmlnl and F,,,,,is due to the inclusion of
the dispersion forces that act between the particles also
in the absence of an external field E, the factor L r e flects the difference between E and the true field Eeff
acting on the molecule, and must be taken into account
if one is to obtain correct information from spectroscopic observations. This factor can be easily calculated and, e. g., in the ~ n s a g e r "for
~ ~the internal field
in the case of nonpolar liquids consisting of isotropic
particles, its value is

Table I
Liquid

Parameters

a,A3 [ I 1 ]
82d6.3

4.0

%

To obtain numerical estimates of this ratio, we shall
neglect the dispersion of the refractive indices n(w) and
put approximately

-

In this case (L(~w)/L(w) 1) we obtain

The results of the calculations of this ratio in accord
with the approximate formula (32) f o r liquefied inert
gases a r e listed in the table.
We note in conclusion that the presented estimated
values of 82,/t%, can differ, a s a result of all the a s sumptions made, from the r e a l values. Therefore an
additional check on the proposed theory may be the observation of the dependence of this ratio on the density
p of the liquid, inasmuch a s according to (14) the factor

>a8

which enters in (32), depends on the concentration of the
absorbing molecules.
where n is the refractive index of the liquid, and a is
the radius of the Onsager cavity, the calculation of which
was discussed earlier. C11*81 Equation (26) should contain
the polarizability LY of the interacting liquid molecules,
but we shall neglect from now on the difference between
this polarizability and the polarizability cu, of the isolated particle.
Taking the foregoing into account, and also taking into
consideration the change of the speed of light in the liquid, we write down the extinction coefficient for absorption at the single frequency w = wnlml, in the form

The integral absorption for the band at the doubled frequency 2w will accordingly be determined by an extinction coefficient

Using the last relation and expression (20) obtained
above for F:), we get the ratio of the extinction coefficients a t the doubled and single frequencies:
467
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Simultaneous transitions in the induced infrared spect r a were investigated many times experimentally and
where a bibliography can
theoretically (see, e. g. ,
be found). It seems on the other hand that no electronic
combined absorption bands have heretofore been observed. An experimental investigation of the phenomena
discussed here would be of undoubted interest both for
linear electron spectroscopy and for applications in
l a s e r physics.
I am sincerely grateful t o Professor S. G. Rautian
and to B. Ya. Zel'dovich for interest in the work and
for useful discussions.
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The spontaneous emission by an atom and the stimulated absorption of a weak test wave are considered
with account taken of the process of resonant ionization induced by an intense pumping wave. The
spontaneous and stimulated emission (and absorption) spectra are found for atomic transitions in a system
of levels coupled by a resonant field, as well as for transitions to some third level. Spectral curves
describing two-photon transitions with emission or absorption of a photon having a frequency close to the
pumping frequency are obtained.
PACS numbers: 32.80.Bx, 32.80.Kf

1. INTRODUCTION

Earlier investigations of the influence of the intense
resonant emission on atoms and molecules dealt with the
absorption of a resonant wave by a two-level system with
allowance for the saturation effect, 'ls2] and with transitions of such a system to a third level with absorption
o r emission of photons of a different frequency. "I The
spontaneous emission by a two-level system in a resonant field and the stimulated absorption of a weak test
wave with a frequency near the resonant frequency by
this field have been studied by many authors. C4-71 The
resonant interaction between groups of closely spaced
while the resonant interlevels was the subject ofCBpQ1,
action in a three-level system was examined inc1']. In
addition to the resonant interaction between two discrete
levels, the possibility of ionization was also taken into
account. cll"S1
In studying the emission and absorption spectra of a
two-level system, "-71 the broadening mechanisms that
a r e frequently studied a r e collisions between atoms,
radiative decay of the levels, and Doppler broadening.
It is to be noted that in the interaction between atoms
and an intense optical radiation, single-photon and multiphoton ionizations of the atoms can also play a significant role in the formation of the spectra.
The present study is devoted to an investigation of
spontaneous emission, a s well a s to stimulated transitions in the field of a weak electromagnetic test wave,
when an intense resonant pumping wave acts upon the
atom, and when account is taken of resonant ionization
of the atom.
An interesting methodological feature of the problem
468

Sov. Phys. JETP 45(3), Mar. 1977

of ionization broadening of atomic spectra is that the
corresponding results can be obtained directly from the
Schriidinger equation f o r a single atom, without the use
of the concept of the density matrix and without introducing any phenomenological constants into the equations. This is due to the fact that in the case of ionization the irreversibility of the processes is due to the
continuity of the spectrum of the ionized atom rather
than to its multiparticle character. In this respect ionization broadening resembles greatly the spectral broad
ening due to radiative decay of levels. C151
Resonant ionization of an atom in the field of a strong
electromagnetic wave F(') = Focoswt has been studied
both in particular case^^'^'^^ and in a more general
formulation of the problem. C11'131 The possibility of
solving such a problem for a single atom is actually due
to a single principal r e q ~ i r e r n e n t ' ~F,,
~ ]<< F,, where Fat
= 5x log V/cm is the field strength inside the atom. A
system of quasi-energy wave functions of the atom in the
field of a resonant wave (we assume h = 1) was determined:

with the kwwn functions a2', and b E p E that
,
a r e independent of time. '12] Here E is the quasi-energy, 0 9 E <m,
qo,, a r e the wave functions of the ground and resonant
states (with energies E,,), cp, a r e the wave functions of
the continuous spectrum with energy E, while n and m
a r e the multiplicity of the resonance and the minimum
number of quanta required for the transition cpl- qE.
The state of an atom in the field of an intense reso-
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